Abstract Sexual reproduction in fungal pathogens such as Cryptococcus provides natural selection and adaptation of the organisms to environmental conditions by allowing beneficial mutations to spread. However, successful mating in these fungi requires a time-critical induction of signaling pheromones when appropriate partners become available. Recently, it has been shown that the fungus uses the transcriptional equivalent of the racing technique: 'popping the clutch'-pushing in the clutch pedal, putting the car in gear, revving with the gas pedal, and then dropping the clutch pedal to accelerate rapidly. In the same way, Cryptococcus during vegetative growth constitutively matches a high rate of pheromone synthesis with a high rate of degradation to produce repressed levels of transcript. Then, when mating is required, the fungus drops the degradative machinery, resulting in a rapid induction of the pheromone. Pairing with this novel regulatory cycle is a host of mitogen-activated protein kinase cascades, cyclic AMP-dependent, and calcium-calcineurin signaling pathways that maintain these high rates of pheromone synthesis and prime downstream pathways for an effective mating response. The intersection of a number of virulenceassociated traits with sexual development such as the synthesis of an immune-disruptive laccase as well as a protective polysaccharide capsule makes these rapid regulatory strategies a formidable foe in the battle against human disease.
Introduction
Cryptococcus neoformans is a basidiomycete yeast with a defined sexual cycle [1] [2] [3] [4] that causes lifethreatening fungal meningoencephalitis in immunocompromised and in some cases immunocompetent hosts [5] . Infection occurs by inhalation of desiccated yeast cells, which then spread hematogenously to the brain [6, 7] , although spores produced by mating have been recently proposed as an infectious particle because of their superior infectivity in mice [8] . While the fungus is normally haploid during growth conditions including infection, under appropriate conditions and in response to mating pheromones, the two mating partners (MATa and MATa) of this heterothallic organism produce conjugation tubes, and the cells fuse to produce a unique heterokaryon which rapidly develops into dikaryotic hyphae [2, [9] [10] [11] . A difficult paradox has become apparent in that, throughout evolution, C. neoformans has maintained an intact machinery of sexual development, while at the same time, mating in this yeast appears to be a rare event given the paucity of available 'a' mating type strains and the inefficiency of unisexual mating [12] . This stands in contrast to vector-borne pathogens for which sexual development is a mandatory event for infection [13] . However, for less sexually dependent pathogens such as Cryptococcus, sexual development may contribute benefits to the available pool of infecting organisms by increasing genetic variation which, in turn, promotes adaptation to a variety of stressful conditions encountered in this globally distributed opportunist pathogen [14] . Indeed, analysis of a cohort of isolates from Africa indicates that sexual recombination, though rare, is ongoing within niche populations containing both MATa and MATa mating type strains [15, 16] . Thus, these rare events may serve to alter the overall population substructure of the pathogen, resulting in emerging virulence traits that could alter host-pathogen dynamics.
A principal genetic structure controlling and propagating sexual development is a large mating type locus of greater than 100 kb [17] [18] [19] . The MAT locus of C. neoformans is one of the largest among fungi, contains approximately 25 genes, and includes pheromone and homeodomain genes as well as those involved in the pheromone-responsive MAPK cascade, meiosis, and sporulation. The large size may reflect a fusion of the two mating type loci that are typical in each strain of basidiomycetes, producing one very large locus that conveys a bipolar mating system [17, 19, 20] . Bipolar systems allow mating between each of two possible mating types and thus allow progeny to mate with half of the other members of that generation, whereas tetraploid mating strategies only allow mating between only 1 in 4 compatible firstgeneration progeny. Such a bipolar mating system has thus been proposed to result in higher rates of inbreeding [21] , because it theoretically results in greater propensity to mate with progeny from the same mating, rather than mating with unrelated strains. In the principal infectious species of C. neoformans, serotype A, the number of pheromone genes varies between the two stable mating types. The MATa alleles contain three unlinked 130-bp MFa pheromone genes embedded in 900 to 5,000-bp amplicons identical within an allele but not between species. In contrast, the a alleles contain four MFa pheromone genes embedded in approximately 500-bp conserved repeats [19, 22] . In addition to its well-known effects on mating, the MFa pheromone may have virulence-conditioning effects as well, as mutants with dysregulation of the pheromone also have attenuated virulence [23] . Also contained within the MAT locus are the Ste12 set of genes, which was the first mating type gene identified in C. neoformans [24] . In addition, a number of genes unrelated to mating include a myosin gene and a translation initiation factor gene, PRT [22] . The close physical proximity of more essential genes to many of the principal components of mating is unusual in yeast, but may have provided an additional evolutionary pressure to retain the machinery of sexual development in this fungus [21] . Here, we review findings on major signaling pathways for mating in C. neoformans with an emphasis on unique and unusual signaling approaches in the fungus.
Rapid Initiation of Sexual Development Relies on a Transcriptional Cycle to 'Pop the Clutch'
To initiate sexual development, fungi produce signaling pheromones to indicate their presence and their mating compatibility. On natural environments, successful mating requires a close physical association that is easily disturbed for non-motile organisms such as yeast. This suggests that rapid induction might improve chances for successful reproduction. For C. neoformans, a particularly conducive environment for both pheromone production and mating is dried guano from pigeons, a principal global carrier of the fungus [16, 25] . Recent work showed that the fungus utilizes specifically targeted mRNA degradative machinery to modulate a balance between high-level pheromone transcript synthesis and high-level degradation, akin to previously described metabolic 'futile' cycles that utilize apparently excessive rates of metabolic synthesis and degradation. In the classic example from gluconeogenesis, inhibition of a degradative phosphatase results in a pulse of fructose 1,6-bisphosphonate required during the 'fight or flight' response [23, 26, 27] . In C. neoformans experiments, high-level constitutive MFa transcript synthesis was balanced during vegetative growth by high-level degradation by an mRNA decapping protein, Vad1, to yield repressed levels of transcript. Transfer to pigeon guano media resulted in inhibition of Vad1 degradation, resulting in a pulse of steady-state levels of MFa transcript followed by sexual development. Genetic constructs that retained constitutive degradation by Vad1 were found to delay, but not prevent mating. These experiments showed that the fungus is much like a highspeed drag racer who simultaneously revs the engine while pushing in the clutch pedal and holding the brake. When ready to launch, the driver 'pops the clutch', roaring off in a cloud of smoke to win the race. In the same way, by matching apparently wasteful high levels of MFa transcript synthesis and degradation during the vegetative phase when mating is repressed, the yeast retains the synthetic capacity to rapidly mobilize signals necessary for sexual development. In the case of C. neoformans, improving mating efficiency could be particularly important for an organism with such a severely skewed distribution of the two mating types [28, 29] . In addition, this property of rapid induction may be important for the establishment of infection since sexual spores resulting from mating have an approximate 100-fold increased infectious potential than the yeast form [8] . Unexplored aspects include whether the futile cycle involved in sexual development could also play a role in haploid fruiting or in unisexual mating. Such lack of apparent transcriptional efficiency in such cycles thus represents a paradigm shift in cell biology because it suggests that cells will waste large amounts of energy synthesizing transcripts only to break them down again during the vast periods of time when mating will not be activated. Since the paper by Park et al. is only the first description of this phenomenon, it will require additional studies to explore its role in sexual development as well as other possible cellular pathways. Identification of additional transcription/ degradation 'futile' cycles could thus allow new understanding of diverse eukaryotic regulatory systems including those where a rapid response is required.
Exploring the Mechanism of the Transcription/ Degradation Cycle of C. neoformans A principal component of the MFa degradative machinery includes a member of the RCK/p54 family of DEAD box proteins, Vad1, previously shown to be a global regulator of virulence in C. neoformans [30] . In both yeast and mammalian systems, numerous RNA-binding proteins (RBPs) have the ability to act as either enhancers or inhibitors of mRNA stability and translation efficiency [31] . RCK/p54 members such as Vad1 are key components of a multi-protein complex that, in combination with catalytic proteins such as the decapping protein, Dcp2, effect removal of the 5' cap of mRNA, followed by degradation [32] [33] [34] [35] . Suggesting its role as an RNA transcriptional degradative factor (TDF), MFa mRNA accumulated in a C. neoformans Dvad1 mutant and was markedly reduced after VAD1 overexpression. Key to the demonstration of Vad1 as a TDF was the demonstration of a physiologic and dynamic regulation of MFa steady-state levels and sexual development by alterations in Vad1-mediated MFa transcript degradation after transfer of cells from rich growth media to a physiologically relevant mating-induction media made from pigeon guano. Interestingly, both the 5' and 3' UTRs of the MFa target transcript were required to potentiate MFa1 degradation in the presence of VAD1, whereas typical genomic promoter regions played no role in the process. This allows an independent modulation of traditional transcription factor (TF)-mediated regulatory processes. The requirement for both 5' and 3' regions was likely due to binding of both regions to a Vad1-containing complex or restrictions in secondary structure requirements necessary for the formation of protein binding mRNA loops [36] (Fig. 1) . Mechanisms for how signal transduction components mediate these environmental signals to TDFs such as the Vad1 complex is under active investigation and is expected to reveal novel mechanisms involved in signal transduction.
Mitogen-Activated Protein (MAP) Kinase Pathways: Downstream Players in the Response to Mating Pheromone
After expression of active mating pheromone, a dynamic series of cellular players interact to effect sexual development. Pheromone receptors transmit the pheromone response pathway through a Ste3-dependent signaling pathway. Unique to C neoformans, a constitutively active Cpr2 pheromone-like receptor engages the same receptor pathway, competing for pathway activation [37] . MAPKs also play important roles in conveying varied environmental signals in eukaryotic cells. In C. neoformans, signal transduction pathways such as the pheromone-activated MAPK pathway are required for mating as well as for monokaryotic fruiting [28] . This pathway consists of Ste20, as well as MAPKKK Ste11, MAPKK Ste7, and MAPK Cpk1; these components are essential for dikaryotic filament formation as well as cell fusion [44] . Downstream of the Cpk1 MAPK pathway is the Mat2 allele, which is also required for mating and monokaryotic fruiting [45] (Fig. 2) . The budding yeast S. cerevisiae expresses five MAPKs including mating MAPK Fus3, which mediates the pheromone responses during sexual development [38] [39] [40] . Like MFa pheromones, Fus3 is largely inactive during vegetative growth, repressed by the HOG pathway that is mediated by the conserved highosmolarity glycerol factor, HOG [41] [42] [43] . Disruption of HOG1 downstream of the factors Ssk2 and Pbs2 in C. neoformans enhances capsule as well as laccase expression and mating efficiency [46] . Interestingly, HOG1 also appears to have a proximal regulatory role in pheromone expression and appeared by epistatic experiments to be parallel to that of the VAD1 global regulatory pathway [23, 46] . The HOG1 signaling appears to act through a process of transcript synthesis, providing the 'motor' side of the VAD1 futile cycle. Specifically, a model of HOG1-dependent activation is provided by precedents from the model yeast, S. cerevisiae where the factor is thought to act on MFa through stress response elements in the promoter region of mating pheromones [47] . This suggests that HOG1 is involved in the opposing part of the transcriptional MFa cycle, regulating high-level transcriptional synthesis of MFa similar to phosphorylation in the classic metabolic cycle. In our experiments, we did not find transcriptional induction upon a change from vegetative growth to mating media, suggesting the HOG1 pathway is constitutively active during vegetative growth [48] . Indeed, paradigms from more conventional substrate cycles suggest that increases in induction and reductions in degradation are synchronized to effect large bursts of transcript steady states required for time-critical changes in cellular physiology.
Cyclic AMP Signaling Pathway
C. neoformans utilizes the highly conserved cyclic AMP (cAMP) signaling pathway to promote mating and virulence in response to environmental stressors [49, 50] . In the model yeast S. cerevisiae, phosphorylation of downstream targets by protein kinase A (PKA) induces cellular responses, including nutrient sensing and pseudohyphal growth [51] . Adenylyl cyclase (Cac1) is a membrane-bound protein activated via the Ras-GTPase Ras1 and Ras2, as well as the G-protein-coupled receptor system Gpr1-Gpa2 [52] , and Cap/Srv2 [53] . Linking environmental stress response with virulence, the cAMP-mediated signaling pathway of C. neoformans is involved in the expression of the virulence factors laccase as well as capsule production, in addition to its role in mating. Similarly, disruption of CAC1 encoding adenylyl cyclase impairs laccase expression, capsule formation, and mating [54] . Aca1, an ancillary adenylyl cyclaseassociated protein, is another member required for mating and hyphal differentiation [55] . Upstream of the adenylyl cyclase-cAMP-PKA pathway is a G-protein-coupled receptor in C. neoformans. Disruption of GPA1, which encodes a Ga subunit, again leads to loss of the same three functions-laccase, capsule, and sexual development [49] . Gpb1, a Gb subunit, has a more selective role in mating and monokaryotic fruiting [56] . C. neoformans encodes three regulators of G-protein signaling proteins, Crg1, Crg2, and Crg3, which act as GTPase-activating proteins that are negative regulators of Ga subunits. Crg1 appears to be solely involved in pheromone-mediated mating [57] , whereas Crg2 regulates the cAMP-mediated signaling pathway for pheromone-mediated mating as well as virulence [58, 59] . The functions of Crg3 are as yet not known. Nrg1, a transcription factor, was identified as a downstream target of the cAMP pathway, and disruption of NRG1 results in delayed capsule formation and mating but not laccase expression, suggesting additional factors involved in Pka signaling of virulence in C. neoformans [60] (Fig. 2) . In summary, data regarding the Pka-dependent signaling pathway in C. neoformans suggest a tight interconnection between mating and virulence, unified by a response to environmental stress.
Calcium-Calcineurin Signaling Pathway
Transcriptional regulation via the calcium-calcineurin signaling pathway has been widely studied in fungi [61] [62] [63] , and signaling elements are well conserved [64] . For example, in S. cerevisiae, calcineurin activity is required for recovery from a number of environmental stressors [65] [66] [67] [68] [69] . In C. neoformans, calcineurin is required for hyphal elongation during mating and monokaryotic fruiting in response to environmental stress [70] . Inhibition of calcineurin with the immunosuppressant drug FK506 or mutations of the genes encoding the calcineurin A or B subunits is a convenient method of probing the calcineurin pathway and has been found to prevent mating, monokaryotic fruiting, and basidiospore production [70] . FK506 binding to the FK506-rapamycin target protein FKBP12 produces these effects and is a convenient method to produce calcineurin inhibition in yeast (Fig. 2) . In the same way, calcium-dependent activation of calcineurin can be modeled by addition of high amounts of exogenous calcium, but sensitivity of cna1a mutants to conditions of high carbon dioxide, alkaline pH, and high concentrations of cations suggests that these environmental signals are the physiologic conditions responsible for the activation of intracellular calcium stores. In addition, calcium signaling through calmodulin and the phosphatase calcineurin is required for mating and virulence of C. neoformans [71] [72] [73] . An increased level of calcium is sensed by calmodulin, which activates the conserved serine/threonine phosphatase calcineurin (Fig. 2) . A conserved member of the calcipressin family, Cbp1/ Rcn1, has also been shown to play a role in mating and members of this family interacting with calcineurin and acting as calcineurin effectors or feedback regulators in C. neoformans [72, 74] . The deleterious effects on the fungus by calcineurin inhibitors have been implicated in the antifungal effects of these immunosuppressants in treated patients [75] , suggesting roles for these pathways in developing novel methods of disease control.
Conclusion
Cryptococcus neoformans has developed elaborate signaling mechanisms involved in sexual development. These mechanisms involve at least three pathways: mitogen-activated protein kinase (MAPK) cascades, cyclic AMP (cAMP), and calcium-calcineurin signaling pathways in concert with a transcriptional 'futile' cycle that rapidly activates the mating response. The challenge in future studies will be to identify the effectors and/or transcription factors and to define the cross-talk between these major pathways and others mediating the induction of sexual development in response to environmental signals.
